We report experimental and computational studies of the behaviour of a photoconductive THz near field probe when imaging a simple planar metal-dielectric structure. We show that the excitation of waveguide modes in the gap between sample and probe, together with diffraction at the probe, must generally be taken into account when analysing images and that electromagnetic simulations provide a very useful aid to interpretation. V 2012 American Institute of Physics. Developments in the terahertz frequency band are strongly motivated by applications in fundamental science and the quest for new imaging and sensing modalities. Examples of current or emerging applications include the characterization of materials, medical imaging, pharmaceuti cal quality control, security screening, and biochemical sens ing. 1 In many of these applications, a deep sub-mm scale resolution is often desired, which requires the development of near field imaging with scanning probes. An accurate knowledge of the near field is also crucial for the emerging area of designer THz materials based on the spoof surface plasmon polariton concept. 2, 3 Approaches to near field mi croscopy can be broadly divided into techniques which uti lize apertures and those which are apertureless. In the former case, a sub-wavelength active area of a source or detector is defined by means of a static 4, 5 or dynamic 6 aperture or by the focal spot size of a pump or probe laser beam when using a nonlinear optical crystal for difference frequency genera tion or electro-optic detection of THz radiation. 7 In the aper tureless method, radiation is typically scattered by the end of a sharp metal probe tip and collected in the far 8 or near field. 9 Near field THz techniques have been employed to study a variety of metal-dielectric structures such as subwavelength apertures, 7 metamaterials, 10 semiconductor devi ces, 11 and waveguides. 12 As with other scanning probe microscopies, there is a need to understand the probe-sample interaction in order to correctly interpret images and perform quantitative measurements. This is potentially very impor tant for metallic probes that can significantly change local fields. In this letter, we describe THz time domain experi ments and complementary numerical simulations designed to study the interaction between a photoconductive near field probe with integrated metal aperture and a simple planar metal-dielectric test structure.
The test structure, shown in Fig. 1 , consists of a 300 nm thick large area, rectangular Ti/Au film deposited on the front of a 500 lm thick, high resistivity silicon substrate and illuminated from the back by a broad THz beam from a con ventional single-cycle-like GaAs photoconductive source. The imaging coordinate system is referenced to an edge of the gold film, which is located at the centre of the sample as shown in Fig. 1 . The probe was scanned in a direction per pendicular to the gold edge (i.e., along x) at a constant z sep aration from the gold surface of typically 20 lm.
The probe receiver design is similar to that described by Mitrofanov et al. 4 It is based on a 10 lm long, Ti/Au dipole receiving antenna deposited on a 1 lm thick low temperature (LT) GaAs film and glued antenna face down to a sapphire substrate. The opposite side of the GaAs is coated with a 300 nm thick, 2 mm square aluminium screen with an inter vening 1 lm thick SiO 2 electrical isolation layer. The screen has a 20 lm square aperture, centred over the dipole antenna. The sample is stationary and the probe is positioned by motor ized translation stages with backside optical gating pulses delivered by hollow core photonic crystal fibre. Parallel align ment of the sample and probe front surfaces is accomplished by small adjustments of the sample tilt at large sample-probe separations so as to achieve constant delay between the main pulse and the THz echo arising from reflection of the THz beam between the two surfaces for 60.5 mm probe translation along x or y. Recording echoes at a series of sample-probe separations allows the z position of the probe to be calibrated and maintained constant to an accuracy of 61 lm.
Intensity maps showing the variation of receiver current with time delay as the probe is scanned along x are shown in Fig perpendicular (E//x, Fig. 2(b) ) to the edge of the gold film. The receiver current is proportional to the x component of the electric field at the probe aperture to a good approxima tion. For each incident polarization, the probe is rotated about its surface normal so that the dipole axis is oriented for maximum signal. The amplitude at fixed delay is seen to drop off sharply as the probe is moved behind the gold film (positive x) if the polarization of the THz beam is parallel to the edge of the film (E//y). For the orthogonal polarization (E//x), the fall off is significantly slower. In the latter case, the angled portion of the amplitude-position plot in Fig. 2(b) demonstrates the existence of a wave originating at the gold edge and propagating in the gap between the metal surfaces of the probe and sample. The fall off of the signal amplitude as the probe is scanned across the edge of the gold film at a fixed delay corresponding to the peak signal is shown in more detail for the two incident polarizations in Figs. 3(a) and 3(b). For E//y ( Fig. 3(a) ), the amplitude decreases over a length scale very similar to the sum of aperture size and sample-probe separation as the probe traverses behind the Appl Fig. 3(b) was noted, but not explained, more than ten years ago. 4, 5 Similar behaviour at metal edges has recently been attributed to the excitation and propagation of surface plas mon polaritons (SPPs). 13 However, by closely comparing experiment with finite element simulations described below, we find that the behaviour in the present case can be quanti tatively accounted for by the excitation of a TEM-like wave guide mode in the air gap between probe and sample together with a cross polarization probe sensitivity associ ated with scattering at the aperture. Although there must be finite coupling to the conduction electrons in the gold and al uminium films so that strictly speaking the mode should be regarded as a combination of SPPs bound to the two metal surfaces, we find that the difference between such a mode and the TEM mode of a perfectly conducting parallel plate guide, which does not support SPPs, is very small in a typical near field measurement geometry, consistent with the small fraction of the field in metal at THz frequencies.
Time domain electromagnetic simulations were per formed using the finite integration technique 14 with the sam ple illuminated by a 3 THz bandwidth plane wave. The front metallised areas of the probe and sample were first treated in the perfect electric conductor (PEC) approximation and then, for comparison, in a more realistic Drude model, taking val ues for the plasma frequency and scattering time of gold and aluminium from Ref. 15 . Both approaches gave very similar results for the magnitude and spatial variation of the fields and receiver current, as discussed further below. The con ductivity of the LT GaAs photoswitch bridging the 5 lm gap between the arms of the dipole antenna was maintained con stant at its "on" value rather than simulating the sampling mode of operation of the real probe. The dielectric function of the LT GaAs was treated in a Drude model with a plasma angular frequency of 2.4 Â 10 14 rad/s and scattering time of 55 fs. The carrier density is estimated from the 8 mW aver age optical gating power and the scattering time from the LT GaAs mobility of 3000 cm 2 /Vs which was measured in visi ble pump-THz probe experiments on the same material. The gold arms of the dipole antenna are also treated in a Drude approximation. The THz field that reaches the antenna gen erates a current in the arms and it is this quantity that is com pared with the measured receiver current. The calculated results for the peak receiver current at fixed delay in the PEC case are shown by the curves in Figs. 3(a) and 3(b) . In these simulations, the probe was stepped along the x-axis. There is close agreement with experiment using only a single ampli tude scaling factor. The reason for the different behaviour for E//x and E//y can be understood with the aid of the field map in Fig. 3(c) which shows the calculated time average of E x for incident polarization perpendicular to the gold edge (E//x). It is apparent that E x falls off quickly in the shadow of the gold film, in a very similar manner to that for E//y, but grows again in the region of the aperture. Diffraction at the gold edge very efficiently couples the x-polarised incident wave into the z polarized TEM (TM 0 ) mode of the parallel plate waveguide formed between the metallic sample and probe surfaces. Such coupling does not occur for the orthog onal incident polarization. The TEM mode has no cut-off and no z variation of electric field within the waveguide. For sample-probe separations of 50 lm or less, higher order TM modes are cut off within the 3 THz system bandwidth. The dipole and aperture together diffract part of the TEM mode to generate an additional x field component at the antenna proportional to the difference in E z across the aperture. 16 The measured signal is thus proportional to E x þ adE z /dx, where a is a constant proportional to the aperture size. Experimen tally and computationally, we find that similar guiding and cross polarization effects also occur for an apertureless pho toconductive probe which is identical to the probe previously described except for the absence of the aluminium screen. In this case, guiding takes place between metal and dielectric surfaces and the dipole antenna alone acts as the scatterer. Fig. 4(a) shows the calculated variation of the peak to peak amplitudes of the x and z field components 10 lm in front of the sample in the case that the probe aperture is closed by metal (solid curves) and in the case that the probe is completely removed from the simulation (dashed curves). Calculations are in the PEC approximation for incident polarization along x. The field component E x , which is per pendicular to the test edge, decays behind the gold film in an identical fashion to the case in which the incident polariza tion is parallel to the edge. By comparison with the case that the probe is removed, it can be seen that the main perturbing effects of the probe are a spatially uniform screening of E x and the generation of a much larger z field component with a different spatial variation. The points in Fig. 4(a) show the results of calculations using a Drude conductivity model in which SPPs are supported. The extremely close similarity between the PEC and Drude calculations in Fig. 4(a) pro vides the basis for our previous assertion that the guided wave has very weak SPP character.
A further check on the ability of the calculations to describe experiment is provided by comparing predicted and measured results for the peak to peak field versus x. Fig. 4(b) shows there is again excellent agreement with only a single amplitude scaling factor. Opening an aperture in the metal sheet further changes E z . In particular, it leads to a shift in the maximum gradient of E z , which gives the maximum sig nal for E//x in Fig. 4(b) , to more negative x. The fall off in peak to peak signal for E//x as the probe moves further into the shadow of the gold film is explained by the decrease of dE z /dx as the wave in the gap between probe and sample evolves from the incident plane wave into the TEM-like guided mode for which E z is independent of x in the absence of attenuation.
In conclusion, we have experimentally studied the near field of a planar metal-dielectric test object illuminated by a THz beam using an aperture type photoconductive probe. With the aid of electromagnetic simulations, we find that that in general the probe has more than just a uniform screening effect on the measured field because of a polarization depend ent coupling into waveguide modes in the gap between probe and sample and a cross polarization detection effect associated with coherent scattering at the probe dipole and aperture. Sim ilar behaviour is found for planar photoconductive probes both with and without apertures, thus placing some fundamen tal constraints on the ability of any planar probe to quantita tively study planar structures, although we note that numerical simulations are very effective in predicting behaviour if the structure is known. We also find that intrinsic surface plasmon polaritons have no discernable affect on the field distribution on the sub-mm length scales typically involved in THz near field microscopy, which considerably simplifies modeling and contrasts with their clear involvement on cm length scales at terahertz frequencies 17 and their important role in near field microscopy at optical frequencies.
